One of the most important non-radiative relaxation processes that limits the quantum yield of a fluorophore is related to aggregation of the molecules in the solid-state causing excimer quenching. To limit this quenching mechanism, the fluorophore can be contained within a well-ordered 3D system that minimises aggregation through rigid bonds and spatial separation in a defined topological construct. Herein, the synthesis, characterisation and application as a down-converter of a new luminescent 3D material (MOF-BTBMBA) that incorporates a building block based on a benzothiadiazole (BT) derivative (BTBMBA) in a metal-organic framework (MOF) is presented. Notably, photoluminescent quantum yield and hybrid LED performance are significantly improved for the MOF-based device compared to that prepared with the free ligand, highlighting the effectiveness of the rigid scaffold arrangement.
Introduction
Whilst organic light-emitting diodes (OLEDs) and inorganic light-emitting diodes (LEDs) have become ubiquitous as technologies underpinning display and lighting applications, hybrid inorganic/organic LEDs offer an alternative platform that combines the benefits of both material families. [1] [2] [3] For white light, these devices generally consist of a yellow emissive organic down-converting material on top of a blue-emitting inorganic LED and offer the advantage of combining the well understood and high-performing electronic properties of inorganic LEDs with the broad, tuneable emission of organic semiconductors. [4] [5] [6] Furthermore, combining organic (or organic-based) materials with inorganic LEDs removes the need for traditional inorganic phosphor materials, such as cerium-doped yttrium aluminium garnet, reducing industry dependence on rare-earth materials as consumer demand increases. 7 Previously we have demonstrated a series of organic donor-acceptor molecular species that act as light-converting layers on top of inorganic InGaN-based LEDs. [8] [9] [10] We disclosed a blue-absorbing molecular colour-converter that incorporated an electron-deficient tetrafluorobenzene core into the fluorene-BODIPY scaffold. This molecule was designed to absorb in the blue and emit yellow light, providing an overall white emission when deposited on top of a blue LED. 9, 10 While this work provided the desired white light emission, device performance was compromised due to a lack of green light output, which is the wavelength region of the visible spectrum the human eye is most sensitive to, resulting in a lower than desired luminous efficacy and colour rendering index (CRI). An alternative family of molecules, based on the benzothiadiazole (BT) unit, was most recently reported, emitting more green light and hence offering improved luminous efficacy and colour rendering. 11 However, one remaining issue with these compounds is that, with increasing concentration, luminescence is quenched and the emission wavelength red-shifted due to aggregation of the molecules leading to non-radiative recombination.
To further address the detrimental effects of aggregation and therefore enhance efficiency, we sought to anchor a BT moiety in the confines of a metal-organic framework (MOF), a class of material where organic units are connected by metal ions or clusters into well-defined networks. BT units have a propensity to form π-stacked arrangements in the solid-state, 12 but the rigid topological construct of a network solid such as a MOF is expected to provide sufficient interspersing of the chromophore to preclude such aggregation and consequently improve the emissive properties, particularly the photoluminescence quantum yield, whilst maintaining the emission colour (Figure 1 ). 20, 21 (iii) the fine particle-size control available through modulated self-assembly. 22 We report the synthesis of a new emissive MOF (MOF-BTBMBA) containing a donor-acceptor-donor ligand and its application as a down-converting material on commercial blue LEDs. Notably, device inclusion of MOF-BTBMBA, as opposed to the free ligand (BTBMBA) alone, afforded an increased light output and conversion efficiency, suggesting that emissive MOFs containing donor-acceptor-donor ligands could find application as highly efficient optical materials.
Results and Discussion
The final geometry of a MOF originates from the contribution of the metal's preferential coordination geometry and of the geometry of the ligand at the donating extensions; 23 was hydrolysed with an aqueous solution of sodium hydroxide and then acidified with hydrochloric acid to form the analogous dicarboxylic acid (BTBMBA) in 97% yield (Figure 2(a) ). To examine the effect of its incorporation into a controlled solid matrix, it was decided to prepare a MOF linked by Zr that would be expected to exhibit a structure similar to UiO-68 (Figure 2(b) ), which contains
an unfunctionalised terphenyldicarboxylate linker and shows excellent stability. 19 Previously, related linkers containing central benzothiadiazole units flanked by two benzoic acid rings have been used to prepare Zr MOFs with UiO-68 topologies to sense picric acid 24 and organic amines, 25 or to photocatalytically degrade mustard gas simulants. 26, 27 A selenothiadiazole analogue has also been utilised to photocatalyse dehydrogenative crosscoupling reactions. 28 In all but one case, 25 a mixed-linker synthetic strategy was used to prepare the MOF, where the photoactive ligand was diluted within the solid with an unsubstituted terphenyl analogue. Our own synthetic protocol used only the benzothiadiazole ligand for maximum loading of the photoactive units in the MOF, with hydrated zirconyl chloride as the Zr source and acetic acid as modulator to attempt to keep particle size low, which is expected to improve dispersion in the matrix used in device fabrication.
Powder-X-ray diffraction (PXRD) confirmed formation of the UiO-68 topology MOF with high crystallinity, with a close match to the pattern predicted from the crystal structure of the related PCN-56 (also described as UiO-68-Me4, CSD code YEYCOW) 29 showed crystals of around 500-700 nm in size with characteristic octahedral morphology, and the MOF exhibited a moderate N2 uptake at 77 K, with a Brunauer-Emmett-Teller (BET) surface area of 950 m 2 g -1 (Figure 2 (e)). This is lower than expected for a UiO-68 derivative, 19 and may be due to incomplete activation or a slight degradation in crystallinity during activation (heating to 120 °C under vacuum), observed by powder X-ray diffraction (PXRD) after the isotherm had been collected. Modifying the synthetic conditions to use Lproline as a modulator 30, 31 resulted in yellow, octahedral single crystals, which unfortunately did not diffract strongly enough for a full structure solution, likely as a consequence of 
MOF-BTBMBA
BTBMBA (50 mg, 115 µmol) was suspended in DMF (10 ml) in a 25 ml screw top jar.
ZrOCl2·8H2O (37 mg, 115 µmol) was added and the mixture sonicated. Acetic acid (0.5 ml, 525 mg, 8.7 mmol, 75 equiv) was added, and the mixture sonicated to yield a yellow solution.
The mixture was sealed in the screw top jar and heated to 120 °C for 20 h. On cooling, the yellow powder was isolated by centrifugation, washed by suspension/centrifugation cycles with DMF (30 ml) and acetone (2 x 30 ml), and dried under vacuum to yield a yellow powder (51.5 mg, 82% based on Zr).
MOF-BTBMBA for single-crystal analysis
L-proline (54 mg, 0.47 mmol, 5 equiv) was dissolved in concentrated HCl (62.5 µL) and evaporated to dryness. The residue was dissolved in DMF (5 ml), and 1.25 ml of this solution
